This study attempts to develop Ti-Nb alloys with elastic moduli that approach that of human bone. The experimental results reveal that the microstructure of a Ti-Nb alloy that contains 14 mass% Nb consists of and phases, with phase being the dominant one. The proportion of the phase decreases gradually as the Nb content increases, and the microstructure becomes completely the phase when the Nb content exceeds 34 mass%. Moreover, the ! phase can be detected using XRD and TEM in alloys with a Nb content from 30 to 34 mass%. Over the Nb range studied (14 to 40 mass%), the elastic modulus decreases from 14 to 26 mass% Nb, and then increases to a maximum at 34 mass% Nb, before falling again as Nb content is increased further. The elastic modulus of the Ti-Nb alloys is closely related to the microstructure (or Nb content) of the alloys. The fall in the elastic modulus with the increasing Nb content from 14 to 26 mass% is associated with a gradual decrease in the proportion of the phase in the microstructure, while the precipitation of the ! phase accounts for the increase in the elastic modulus over the intermediate range of Nb (30 to 34 mass%). The tensile strength of Ti-Nb alloys increases slightly from 14 to 26 mass% Nb, and then increases markedly with a Nb content of up to 34 mass%, before falling drastically as Nb content is increased further. A similar pattern was obtained for 0.2% proof stress, while the elongation vs. %Nb curve was just the reverse of the T.S. vs. %Nb curve, as expected. A Ti-Nb alloy with a relatively high Nb content (above 36 mass%) is preferred to other compositions for use in medical implants with a reduced stress shielding effect.
Introduction
Titanium-based alloys are attractive implant materials owing to their high strength-to-weight ratio, excellent mechanical characteristics and bio-corrosion resistance, and satisfactory biocompatibility. [1] [2] [3] [4] Ti-6Al-4V, the most common titanium alloy, is a good material for surgically implanted parts, such as knees, hips and shoulder replacements. However, the element V (vanadium), which is a strong -stabilizing alloying element, has been found to react severely with tissue in animals. [5] [6] [7] [8] [9] [10] [11] Also, the use of Al (aluminum), an -stabilizing alloying element, is of concern, because it may be connected to neurological disorders and Alzheimer's disease. 7, [11] [12] [13] Hence, the synthesis of new titanium-based alloys, which are compatible with the human body, now involves more biocompatible metallic alloying elements, such as Nb, Ta and Zr. 14, 15) Selecting materials for different components in implant prostheses depends on several factors, including the design and required strength of the system in application. Moreover, long-term studies have found that insufficient load transfer from an artificial implant to an adjacent remodeled bone may cause bone resorption and eventual loosening of the prosthetic device, 16, 17) a phenomenon called ''stress shielding effect''. This so-called stress shielding effect is caused directly by the mismatch in the stiffness of the implant material with that of the surrounding natural bone. [18] [19] [20] Several solutions to this problem have been found, including more flexible designs and the use of materials with relatively low moduli.
An early attempt at reducing the elastic modulus of implant alloys was made by introducing /-type Ti-6Al-4V titanium alloys, to yield elastic moduli ($108 GPa) of approximately half of those of SUS stainless steels ($200 GPa) or Co-Cr-Mo alloys ($210 GPa). 21, 22) However, the modulus of the /-type titanium alloys is still considered high in relation to that of human bone (10-30 GPa), 22, 23) being 4-10 times its value. Recent attempts at further minimizing the modulus of implant alloys have led to the development of -type titanium alloys, such as Ti-12Mo-6Zr-2Fe alloy and Ti-13Nb-13Zr alloy. The two aforementioned alloys have elastic moduli in the range of 74-88 GPa, but the values remain 2-7 times that of human bone. 23) Recently developed biocompatible titanium-based alloys have tend to include relatively large amounts of Nb, Zr and/ or Ta. [23] [24] [25] [26] [27] [28] With respect to the elastic modulus, Davidson 29) reported that an Nb content in the range of 10-20 mass% (preferably 14 mass%) or in the range of 35-50 mass% favors attaining a relatively low elastic modulus. Deviation from the above ranges tends to increase the elastic modulus. What is the optimum amount of Nb required to yield mechanical properties, especially an elastic modulus, that is appropriate for implant applications? What is the mechanism by which mechanical properties change with Nb content? Neither question has yet been fully answered, and the present work seeks to elucidate the effect of Nb content on the phases or microstructures, as well as the mechanical characteristics, especially the elastic modulus, of the Ti-Nb alloys.
Experimental Procedures

Alloy preparation
Ti-Nb binary alloys, with Nb contents ranging from 14 to 40 mass% (in 4 mass% increments) were prepared using pure titanium (99.7 mass% in purity) and niobium (99.8 mass% in purity). The weighed charge materials (some 400 grams) were placed in a U-shaped water-cooled copper crucible and then melted using a non-consumable tungsten electrode arc in a vacuum chamber. The melting chamber was first evacuated and then purged with argon. An argon pressure of 0.1 MPa was maintained throughout melting. The alloys were remelted four more times to achieve chemical homogeneity. Table 1 gives chemical analyses of the prepared Ti-Nb alloys, including data on Nb, O and N.
Specimen preparation
Solidified Ti-Nb alloy ingots were homogenized at 1273 K for 21.6 ks at a vacuum of better than 0.27 Pa, and then hotrolled at 1023 K into plates with a thickness of approximately 2 mm. The final rolled specimens were again annealed at 973 K for 3.6 ks, and then cooled in a furnace to room temperature.
Metallographic analysis
The microstructures of the prepared specimens were examined after they had been metallographically polished, and then etched in Keller's reagent with 2 mL HF/3 mL HCl/ 5 mL HNO 3 /190 mL H 2 O.
XRD
The phases were analyzed by X-ray diffraction (XRD) at 40 kV and 30 mV. X-ray crystallography was performed using an Ni-filtered Cu K radiation source. Phases were identified by matching their characteristic peaks with those in the files of the Joint Committee on Powder Diffraction Standards (JCPDS).
TEM
TEM thin film specimens were prepared as follows. An Isomet cutter was used to slice the Ti-Nb alloy into 1 mm thick sheets, which were then mechanically ground to a thickness of 0.1 mm. After the sheets were punched into discs with diameters of 3 mm, the final TEM thin film specimens were prepared using a twin-jet electropolisher with a 10% HClO 4 and a 90% ethanol mixture, until they were perforated. The microstructure was analyzed and the phases identified using a JEM-4000FX transmission electron microscope at an accelerating voltage of 400 kV; the point resolution was 0.26 nm. Figure 1 depicts the dimensions of the tensile specimens. Tensile tests of the Ti-Nb alloys with various Nb contents were performed at room temperature, with a strain rate of 3:33 Â 10 À6 m/s. The determination of the elastic modulus proceeded according to ASTM E111-97, 30) which calculates the modulus from the ratio between the tensile stress and the corresponding strain up to the proportional limit of the alloy. The strain was determined using a clip-on extensometer attached to the specimen; the extensometer system was of class B-1, according to the ASTM E83-00 specifications. 31) Furthermore, the fracture surfaces of the tensile test specimens were analyzed by an SEM. (Fig. 3) . When the Nb content is further increased to exceed 34 mass% but under 40 mass%, the microstructures are entirely of coarse phase, as shown in Table 1 Chemical analysis of Ti-Nb alloys used in this study (mass%). Figs. 2(g) and (h).
Tensile test
XRD analysis
The phases in the Ti-Nb alloys were analyzed in detail using X-ray diffraction (XRD). Figure 4 displays the XRD patterns for a series of Ti-Nb alloys. The results reveal that the phases present in the Ti-Nb alloys are related to the Nb content. The presence of both and peaks is evident in an alloy with 14 mass% Nb. The primary peak diminishes gradually as the Nb content increases, implying that the proportion of the phase in the Ti-Nb alloys declines as the Nb content increases, and the original phase-dominated structure gradually transforms into a phase-dominated structure. The peaks completely disappear and only peaks remain when the Nb content exceeds 34 mass%, as evident in the cases of 36 mass% Nb, 38 mass% Nb and 40 mass% Nb. The XRD results are wholly consistent with the microstructure observations referred to above. The retention of the phase in Ti-Nb alloys at higher Nb contents is consistent with the results of Bania. 32) Bania reported that a molybdenum equivalent of over 10.0 (with an Nb content that exceeds 36 mass%) is required to achieve a complete phase in the microstructure, upon quenching from a temperature above the -transus temperature. ! peaks are sporadically obtained from alloys with Nb contents from 30 mass% to 34 mass%. Williams 33) and Balcerzak 34) observed this hexagonal ! phase in quenched Ti-Nb alloys. The presence of a hexagonal isothermal ! phase is believed to exert a marked effect on the mechanical characteristics of Ti-Nb alloys, as will be discussed below.
TEM and SADP (Selected Area Diffraction Pattern)
analyses Figure 5 displays a TEM image of a Ti-30%Nb alloy at low magnification, revealing a distribution of needle-shaped phases in a -dominated matrix. Figure 6 respectively shows a bright-field TEM micrograph, a dark-field TEM micrograph, an SADP from the ! phase, and the interpretation of the SADP. The dark field image in Fig. 6(b) was taken from the [0001] ! diffraction pattern. Note that the presence of the β -phase α -phase Fig. 2(a) . needle-like phase in the dark field image is due to the fact that the aperture used was somewhat large to cover the diffraction spots associated with the phase located near the target ! spots. Figure 6 (d) clearly shows that, apart from the phase spots, several small spots that have been determined to represent two variants of the ! phase-! 1 and ! 2 . The ! spots are fainter and more diffuse than the spots. The diffusion of the ! spots is caused by their elongation in a preferred orientation and their minute size of the order of nano-meters, as can be revealed by the dark field TEM image (Fig. 6(b) ). Orientation relationships between phase and ! phase were derived and are indicated below: Figure 7 plots change in the elastic modulus as a function of Nb content over the range studied (14-40 mass% Nb). The results show that the elastic modulus first declines as Nb content increases from 14 to 26 mass%, and then increases as Nb content increases to 34 mass%, before decreasing as the Nb content is increased further. Regression analysis was performed to determine the relationship between the elastic modulus and the Nb content. Three separate regions (or curves) were obtained, as described below. Different phases (, and !) have different elastic modulus, they are estimated to be related by E ; 1:5E 35) and E ! ; 2:0E .
Elastic modulus
36) The elastic modulus can be expected to decrease as Nb content increases because Nb reduces the proportion of phase. Hence, the decrease in the elastic modulus as Nb content increases from 14 to 26 mass% is attributable to a gradual decrease in the amount of phase (or an increase in the proportion of the phase) as the Nb content increases. The increase in the elastic modulus as Nb content increases between 26 mass% and 34 mass% is closely related to the appearance of ! phase in the microstructure, according to the XRD results discussed previously. The ! phase plays a significant role in increasing the modulus. However, when the Nb content exceeds 34 mass%, not only does the ! phase disappear, but also the microstructure becomes entirely of the phase, so the elastic modulus begins to fall. The elastic modulus generally decreases as Nb content increases, except in the intermediate range of in which the ! phase is present and the modulus is increased. Also, the stress shielding effect can be suppressed by employing alloys with an elastic modulus that approaches that of human bone (10-30 GPa). Hence, Ti-Nb alloys with a relatively high Nb content of above 34 mass% is a preferred choice as materials for medical implants. Figure 8 plots the change in tensile strength due to Nb content. The tensile strength of Ti-Nb alloys increases with Nb content, reaching a maximum at 34 mass% Nb, before decreasing with a further increase in Nb content. A detailed analysis of the T.S. vs. %Nb curve reveals that the tensile strength increases slightly with Nb content from 14 to 26 mass%, before increasing quickly with Nb content up to 34 mass%, and then decreasing drastically with a further increase in Nb content. The trend of the 0.2% proof stress vs. %Nb curve (Fig. 9 ) is similar to that of the tensile strength vs. %Nb curve. For an Nb content between 14 and 26 mass%, the increase in both tensile strength and 0.2% proof stress with Nb content is due to the increase in the proportion of the phase present. The precipitation of ! phase in alloys that contain 30-34 mass% Nb explains a relatively high rate of increase of strength. The subsequent sharp decrease in strength as Nb content increases may be attributable to the disappearance of the ! phase.
Tensile characteristics
With respect to tensile ductility, the results plotted in Fig. 10 show that % elongation first decreases with increasing Nb content, reaching a minimum at 34 mass% Nb, before increasing with a subsequent increase in Nb content. The results, as expected, show just the reverse of both tensile and 0.2% proof stresses vs. %Nb curves. Figure 11 presents the tensile fractographic structures of Ti-Nb alloys obtained at various Nb contents. The fractured surfaces of Ti alloys that contain 14-30 mass% Nb, exhibit primarily a finely dimpled morphology, characteristic of ductile fracture. The fractograph of the structure of a Ti alloy with 34 mass% Nb reveals a predominant cleavage fracture surface. The brittle nature of the Ti-34%Nb alloy is related to the presence of the ! phase in the microstructure, as discussed above. When the Nb content exceeds 34 mass%, the fracture surface has a coarse dimpled morphology, which related to a single phase microstructure with relatively large grains in the alloys.
Fractography
Conclusions
(1) The Nb content affects the microstructures of the Ti-Nb alloys. The micro-structure of a Ti-Nb alloy that contains 14 mass% Nb consists of and phases, and the phase is dominant. 
